Background {#Sec1}
==========

Etiopathogenesis of amyotrophic lateral sclerosis (ALS), the devastating and relentlessly progressing neurodegenerative disorder leading to muscular weakness, is poorly understood. Approximately 90 % of the total cases reported have unknown etiology and are categorized as sporadic ALS. However, the rest 10 % of the cases follow an autosomal dominant inheritance pattern (familial ALS/FALS), and only \~20 % of these may be mapped to the mutations in the SOD-1 gene, which forms the basis of the animal models of ALS \[[@CR1]\]. Apart from the occurrence of neuronal death, reports from these mutant SOD-1 transgenic models, as well as the autopsy studies, have demonstrated the non-cell autonomous contribution of the astrocytes in ALS \[[@CR2]--[@CR4]\].

The activated astrocytes may adopt either a neuroprotective or a neurotoxic phenotype in a stimulus-dependent manner by a process termed as glial polarization; the end-results of which depend largely on the microenvironment experienced by the astrocytes \[[@CR5], [@CR6]\]. For instance, a neuroprotective role of astrocytes has been thoroughly discussed in various pathological conditions including stroke and spinal cord injury \[[@CR7]\]. On the other hand, astrocytes also respond in a toxic manner in response to excess ATP or the inflammatory factors like interleukin (IL)-1β and free radicals released by M1 microglia \[[@CR8]\]. Apart from the increased expression of GFAP and S100β, activated astrocytes may respond by regulating certain inflammatory, trophic, and/or toxic factors in the milieu that may act directly on neurons or through other immune cells. These include pro/anti-inflammatory cytokines, inflammatory markers, and trophic factors \[[@CR9], [@CR10]\].

The plausible role of astrocytes in the initiation/progression of ALS has been studied employing chimeric mSOD1/TDP-43 models or human iPSC-derived astrocytes from ALS patients \[[@CR11]--[@CR13]\]. Such models have elucidated the possible toxic role of astrocytes in the pathophysiology of ALS. Lepore et al. \[[@CR14]\] investigated the effect of transplantation of astroglial precursor cells into the spinal cord of mSOD-1 mice to establish healthy astroglial pools and demonstrated the mitigation of the disease symptoms, including a reduction in microgliosis. These findings suggest the important role of astrocytes in modulating the inflammatory response.

Glutamate-associated excitotoxicity following the selective loss of astroglial glutamate transporters, leading to reduced synaptic glutamate uptake, has been reported in the autopsy samples as well as the animal models of ALS \[[@CR3], [@CR15]\]. However, along with the reduction in glutamate uptake, possibility of pathological release of glutamate by astrocytes as the source of the abnormal elevation in the glutamate levels in ALS should also be considered. Some of the early work done indeed suggests excessive glutamate release in experimental models of familial ALS, but the source remains unknown \[[@CR16], [@CR17]\]. Additionally, glial cells including astrocytes are significant contributors to the oxidative stress, another proposed mechanism for the neurodegeneration in ALS \[[@CR18]\]. However, the precise role of astroglia in ALS pathophysiology remains to be investigated. Further, most of the current understanding of the role of glia in ALS is derived from the animal models designed with genetic mutations/overexpression to recapitulate the disease symptoms of the familial form, thus precluding their relevance to the SALS pathogenesis.

To address this, we have established and characterized a cellular/animal model for SALS, which involves studying the toxic effect of the cerebrospinal fluid from the sporadic ALS patients (ALS-CSF). Such a model recapitulates the SALS pathology effectively. Using behavioral, immunocytochemical, molecular, electron microscopy and electrophysiological approaches, we have earlier demonstrated the potential of ALS-CSF to induce morphological and functional changes in motor neurons and glia. This was seen in neurons in the form of necroptosis-mediated neuronal death, reduced ChAT, Nav1.6 and Kv1.6 expression, aberrant phosphorylation of neurofilaments; mitochondrial, Golgi apparatus, ER and lysosomal defects, and reduced expression of trophic factors \[[@CR19]--[@CR29]\]. Concomitantly, infusion of ALS-CSF into the motor cortex of the adult rats caused altered electrophysiological properties of the motor neurons, as well as poor motor performance as seen with the rotarod and grip strength tests \[[@CR30], [@CR31]\].

Mass spectrometric analysis of the ALS-CSF demonstrated a clear up-regulation of glial inflammatory proteins including chitotriosidase, osteopontin, and chitinases 3 like protein-1 and 2 in the CNS circulation of the ALS patients, thus emphasizing the role of glia in SALS pathology \[[@CR32]\]. We conducted the present study to determine the response of astrocytes following exposure to ALS-CSF, thereby elucidating their possible role in disease initiation and/or progression. To understand this, we have investigated the expression patterns of various cytokines, namely IL-6, tissue necrosis factor (TNF)-α, interferon gamma (IFN-γ), and IL-10, and trophic factors like vascular endothelial growth factor (VEGF) and glial cell line-derived neurotrophic factor (GDNF), as well as inflammation and toxicity mediators like prostaglandin E2 (PGE-2), cyclo-oxygenase 2 (COX-2), reactive oxygen species (ROS), nitric oxide (NO), and glutamate. Additionally, since our model largely takes into consideration the toxicity mediated by the circulating fluid of the CNS (ALS-CSF), we also investigated the effect of the conditioned media containing molecules secreted by astroglia, on cultured NSC-34 motor neuron cell line.

Methods {#Sec2}
=======

Cell culture {#Sec3}
------------

### Primary astroglial cultures {#Sec4}

Enriched astrocyte cultures were obtained from Wistar rats (P0-P2) using a modified protocol of Kerstetter and Miller \[[@CR33]\]. Briefly, the spinal cords were dissected, freed of meninges, mechanically triturated in Dulbecco's modified Eagle's medium (DMEM), and propagated in DMEM with 10 % FBS (GIBCO-BRL). The mixed glial cultures thus obtained were allowed to attain 100 % confluence. On the 10th day in vitro (DIV), the cultures were spun at 200 rpm for 3--4 h in an incubated orbital shaker. The medium containing non-astroglial cells was discarded, and the enriched astroglial monolayer was trypsinized and replated at a density of 2.5 × 10^4^ cells/ml to avoid contamination with the non-astroglial cells, including microglia \[[@CR34]\]. The astroglial cultures thus obtained were found to be \>99 % pure (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). Upon reaching 70--80 % confluence, the cultures were subjected to different experimental conditions.

### NSC-34 cultures {#Sec5}

The NSC-34 motor neuronal cell line was procured (Cedarlane, Canada), maintained, and propagated as per the published protocol \[[@CR26]\]. For experiments, the NSC-34 cells were plated at a density of 2.5 × 10^4^ cells/ml in sterile 24-well plates and allowed to differentiate for 3--4 days in vitro, or until the cultures attained 70--80 % confluence. The cultures were then subjected to different experimental conditions as mentioned below.

CSF collection and exposure {#Sec6}
---------------------------

Six drug-naive patients diagnosed to have definite ALS and the age-matched neurological patients serving as disease control were selected for CSF collection. The samples were collected after obtaining informed consent as per the institutional human ethics committee guidelines. The diagnosis of ALS was based on the revised El Escorial criteria \[[@CR35]\]. The mean age of the SALS patients was 47.17 years (Table [1](#Tab1){ref-type="table"}). Age-matched NALS controls consisted of patients suffering from non-neurodegenerative/non-inflammatory neurological disorders including acquired peripheral neuropathy, idiopathic intracranial hypertension, and normal pressure hydrocephalus.Table 1Details of the ALS-CSF samplesGenderMale, 4 (66.6 %)Female, 2 (33.3 %)DiagnosisDefinite, 3 (50 %)Progressive, 3 (50 %)Age at presentation (Mean ± SD)47.17 ± 10.17 (38--65) yearsAge at onset (Mean ± SD)46.37 ± 9.98 (37.5--64) yearsDuration of illness (Mean ± SD)11.3 ± 6.6 (6.0--24) monthsOnset patternBulbar, 4 (66.6 %)Limb, 2 (33.3 %)

The samples were snap frozen in liquid nitrogen and stored at −80 °C until further use. For the experiments, the cultures were exposed to 10 % *V*/*V* CSF in DMEM, and the effects were studied in duplicates for all the six CSF samples discretely. Thus, depending on the experiments, a minimum of three and a maximum of six separate cultures were studied in replicates for each experimental group. The study consisted of three experimental groups, namely:Normal control (NC): cultures propagated in DMEMNALS (disease control): cultures exposed to CSF from the age-matched patients suffering from neurological diseases such as intracranial hypertension (NALS-CSF, 10 % *V*/*V* in DMEM) other than neurodegenerative and neuroinflammatory disordersALS: cultures exposed to CSF from ALS patients (ALS-CSF; 10 % *V*/*V* in DMEM)

ELISA {#Sec7}
-----

ELISA was used to quantify IL-6, IL-10, IFN-γ, and TNF-α expression in the culture medium. Specific rat ELISA kits were procured from RayBiotech, Inc (Georgia, USA), and the standards were prepared according to the manufacturer's instructions. For a temporal analysis, the cultures were exposed to CSF for 12, 24, and 48 h, respectively, and the media from the cultures was used for the estimation.

Glutamate estimation {#Sec8}
--------------------

Approximately 10^6^ cells were harvested from the astroglial cultures exposed to ALS-CSF or the normal controls for 48 h, and lysates were prepared. Simultaneously, the medium from the normal controls and each of the subsets exposed to ALS-CSF for 12, 24, and 48 h was collected and centrifuged at 14,000 rpm to remove the debris. The cytosolic and secreted glutamate levels were measured using the glutamate assay kit (MAK004, Sigma-Aldrich, USA). The measurement was based on enzymatic conversion, and the absorbance was read at 450 nm using a colorimetric ELISA microplate plate reader (Tecan 2500 fluorometer, USA).

Nitric oxide estimation {#Sec9}
-----------------------

The lysates from the astroglial cultures exposed to ALS-CSF for 48 h or the normal controls were prepared as described above. Simultaneously, the medium from the normal cultures and those exposed to ALS-CSF was also collected. The level of nitrates was assayed in the samples using nitric oxide assay kit (AB65328, Abcam) at 540 nm using a colorimetric ELISA microplate reader (Tecan 2500 fluorometer, USA).

ROS estimation {#Sec10}
--------------

The ROS levels were measured in astroglial cultures exposed to ALS-CSF using dichlorofluorescin diacetate (DCFDA), a compound that reacts with the intracellular ROS to produce fluorescence. Briefly, the cultures were treated with DCFDA, harvested, and lysed, and the resultant fluorescence release was measured at 536 nm in an ELISA plate reader. Fluorescence/cell was calculated and statistically analyzed. For qualitative studies, the cells were plated onto 13-mm coverslips. After exposure, the cells were incubated with Locke's solution and DCFDA and directly viewed (excitation---480 nm; emission---530 nm) using confocal microscopy (Leica TCS-SL, Leica Microsystems, Germany).

MTT assay {#Sec11}
---------

Cell viability for NSC-34 cell line was assayed using MTT assay \[[@CR36]\]. Briefly, after 48 h of exposure to the astroglial-conditioned media, NSC-34 cells were treated with MTT solution (5 mg/ml, 37 °C). After 2 h, dimethyl sulfoxide (DMSO) was added to solubilize the resultant MTT formazan. Absorbance was measured at 570 nm using an ELISA plate reader, and the percentage of viable cells was statistically analyzed (Tecan 2500 fluorometer, USA).

Quantitative immunofluorescence {#Sec12}
-------------------------------

Cellular localization, as well as the expression of inflammatory molecules and trophic factors, was studied using quantitative immunofluorescence. Briefly, astroglial cultures were plated at a density of 2.5 × 10^4^ cells/ml onto the 13-mm circular coverslips pre-coated with poly-l-lysine (0.1 mg/ml). These were exposed to the aforementioned experimental conditions for 48 h, after which the cells were fixed with 4 % paraformaldehyde (PFA) for 15 min at RT. Blocking was carried out with 3 % bovine serum albumin (BSA) and incubated with primary antibodies of interest for 24 h, followed by appropriate secondary antibodies tagged with FITC or CY3 for 2 h at RT. The specificity was ensured for both primary and secondary antibodies by adding relevant positive and/or negative controls to the experiments. For double immunofluorescence, the coverslips were re-equilibrated with 0.1 M PBS (pH 7.4) and blocked with 3 % BSA, following which the second set of primary and secondary antibodies were added. The list of antibodies, the dilution factor, incubation time, and the temperature are provided in Table [2](#Tab2){ref-type="table"}. Finally, the coverslips were mounted using PVA-DABCO (Sigma-Aldrich, USA) and viewed under the laser scanning confocal microscope (Leica TCS-SL, Germany), with excitation wavelengths at 488 and 514 nm for FITC and Cy3, respectively. The emission frequencies were segregated to avoid non-specific overlap of labeling. The images thus captured were quantified for the fluorescence intensities of each immuno-labeled protein using the inbuilt software of Leica Microsystems \[[@CR25], [@CR37]\]. Briefly, 8-b images were captured at ×20 magnifications with a constant PMT voltage, from randomly selected 10 non-overlapping fields in each coverslip. Other parameters like objective (20×), optical zoom of 2×, pinhole \[airy\] (1.000075), frame average (3), line average (3), resolution (8), frame (1024 × 1024), and exposure time were also kept constant. We measured the fluorescence intensity graded on a scale of 0--255, where "0" refers to minimum fluorescence and "255" refers to maximum fluorescence on an 8-b image. The region of interest (ROI), i.e., the region of the each cell where the staining was prominently seen, was drawn/demarcated using the "poly-line" profile of the inbuilt software by Leica. Each cell represented a single ROI, and a minimum of 20 such cells were quantified for each image. Thereafter, the image was subjected to analysis using the inbuilt software, which generated the numerical values commensurate to the staining. At least 10 such images for each coverslip were randomly analyzed, thus measuring intensities for least 200 cells per coverslip (Additional file [2](#MOESM2){ref-type="media"}: Figure S2). Each coverslip corresponded to one replicate of a sample. Five such samples were analyzed in duplicates for all the three experimental subsets. Background reduction was applied for each analysis, and the results were then compared.Table 2List of the antibodies used in the studyPrimary antibodySecondary antibodyAnti-COX-2 rabbit polyclonal (1:500, Abcam); 24 h, 4 °CAnti-rabbit IgG (Cy3-conjugated; 1:200, Sigma-Aldrich) 2 h, RTAnti-GDNF mouse monoclonal (1:200, SCBT), 24 h, 4 °CAnti-mouse IgG (Cy3-conjugated; 1:200, Sigma-Aldrich) 2 h, RTAnti-IFN-γ goat polyclonal (1:200, SCBT) 24 h, 4 °CAnti-goat IgG (Cy3-conjugated; 1:200, Sigma-Aldrich) 2 h, RTAnti-IL-10 rabbit polyclonal (1:500, Abcam) 24 h, 4 °CAnti-rabbit IgG (Cy3-conjugated; 1:200, Sigma-Aldrich) 2 h, RTAnti-IL-6 rabbit polyclonal (1:500, Abcam) 24 h, 4 °CAnti-rabbit IgG (FITC-conjugated; 1:200, Chemicon) 2 h, RTAnti-iNOS rabbit polyclonal (1:800, Abcam) 24 h, 4 °CAnti-rabbit IgG (Cy3-conjugated; 1:200, Chemicon) 2 h, RTAnti-PGE-2 rabbit polyclonal (1:500, Abcam) 24 h, 4 °CAnti-rabbit IgG (FITC-conjugated; 1:200, Chemicon) 2 h, RTAnti-TNF-α mouse monoclonal (1:200, Abcam), 24 h, 4 °CAnti-mouse IgG (Cy3-conjugated; 1:200, Sigma-Aldrich) 2 h, RTAnti-VEGF rabbit polyclonal (1:500 Abcam), 24 h, 4 °CAnti-rabbit IgG (FITC-conjugated; 1:200, Chemicon) 2 h, RT

Immunoblotting for COX-2, VEGF, and GDNF {#Sec13}
----------------------------------------

Following 48 h of CSF exposure, the astroglial cells were lysed on ice using cell disruption buffer (AMBION, USA containing 0.1 % protease inhibitor cocktail (Sigma-Aldrich)). The lysates thus obtained were centrifuged at 12,000 rpm for 15 min at 4 °C. The suspension was carefully collected, and the total protein concentration was determined using Bradford's reagent. Twenty micrograms of the protein sample was loaded for each sample. The proteins were separated on 10 % denaturing gel for COX2 and VEGF and 12 % denaturing gel for GDNF, in accordance with the predicted molecular weight. The proteins were then transferred to PVDF membrane. The membrane was then subjected to blocking with 7 % skimmed milk overnight at 4 °C. The blots were further incubated overnight at 4 °C with mouse monoclonal anti-GDNF (1:1000, SCBT), Rabbit polyclonal anti-VEGF (1:1000, Abcam), or Rabbit polyclonal anti-COX-2 (1:1000, Abcam) depending on the experiments, followed by specific biotinylated anti-mouse for anti-GDNF (1:5000, Vector Laboratories) and anti-rabbit antibody for anti-VEGF and anti-COX-2 (1:5000, Vector Laboratories) for 2 h. The blots were developed using Avidin-Biotin complex and developing solutions (ABC-AP kit, Vector laboratories). The bands were visualized, and the intensity was quantified using the Gel Documentation System (Quantity 1 software, Biorad, USA). β-Actin (Sigma-Aldrich) was used as the loading control, and the band intensity for the protein of interest was normalized to that of the β-actin protein.

Quantitative RT-PCR {#Sec14}
-------------------

Upon exposure to CSF for 48 h, the astroglial cells were collected and the total RNA was isolated using RNeasy Plus Mini Kit (Qiagen, USA) as per the manufacturer's instructions. The messenger RNA (mRNA) was quantified using 1 μl of RNA in a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific Inc). Approximately 10 ng of RNA was reverse transcribed (RT) using a high-capacity complementary DNA (cDNA) reverse transcription kit (Applied Biosystems, USA). Real-time PCR amplification was carried out in triplicates using specific primers and hydrolysis probes for the target genes listed in Table [3](#Tab3){ref-type="table"}, as well as 18S (endogenous control) in a Rotor Gene-6000 real-time PCR cycler. The reaction efficiency for the target genes and 18S was assayed and compared using the standard curve method, and the assays were standardized until the PCR efficiency of \~100 ± 10 % was achieved. The cycle threshold (Ct) values were normalized to the endogenous control 18S. The relative fold change was calculated using the comparative CT method (ΔΔCT method) \[[@CR38]\].Table 3Details of the primers and probes used in the studyGeneSense primerAnti-sense primerProbeVEGFGAGCAACGTCACTATCGAGATCGGCTTTGTTCTATCTTTCTTGGTCTGCCGATCAAACCTCACCAAAGCCAGDNFCGCCGGTAAGAGGCTTCTCGATAATCTTCGGGCATATTGGAGTCCGCCCGCCGAAGACCACTCCCTIL-6TCCAGCCAGTTGCCTTCTTGTCCTCTGTGAAGTCTCCTCTCCACTGATGTTGTTGACAGCCACTGCCTTCCIL-10CATGGCCTTGTAGACACCTTTGCATCGATTTCTCCCCTGTGAGATCATTCTTCACCTGCTCCACTGCCTTGCTTIFN-γGCACAAAGCTGTCAATGAACTCACCAGAATCAGCACCGACTCCCTGTCACCAGAATCTAGCCTAAGGAAGCGGCOX2CCAACCTCTCCTACTACACCAGGTTCCTTATTTCCTTTCACACCCATGCCTTCCTCCTGTGGCTGATGACTGCiNOSCATCGACCTGGGCTGGAACCTCTGGATCTTGACCGTGAGCGATGTGCTGCCTCTGGTCCTGC

Statistical analysis {#Sec15}
--------------------

The data for mRNA expression, quantitative immunofluorescence, semi-quantitative western blots, and MTT assay was statistically assessed for significance by one-way ANOVA followed by Tukey's post hoc test. For ELISA, glutamate, NO, and ROS, the statistical analysis was carried out using Student's *t* test. GraphPad Prism was the software used to analyze the significance.

Results {#Sec16}
=======

ALS-CSF exposure impairs regulation of pro and anti-inflammatory cytokines {#Sec17}
--------------------------------------------------------------------------

The temporal effect of ALS-CSF on the release of cytokines was determined at three different time points viz., 12, 24, and 48 h. ALS-CSF exposure resulted in the enhanced release of pro-inflammatory cytokines IL-6, TNF-α, and IFN-γ from the astrocytes as compared to the normal controls (Fig. [1](#Fig1){ref-type="fig"}). Increased IL-6 secretion was observed at 48 h (\**p* \< 0.05 NC v/s ALS; Fig.[1a](#Fig1){ref-type="fig"}), whereas TNF-α (\*\**p* \< 0.01 NC v/s ALS, 24 and 48 h; Fig. [1b](#Fig1){ref-type="fig"}) and IFN-γ (\**p* \< 0.05 NC v/s ALS, 24 h and \*\**p* \< 0.01 NC v/s ALS, 48 h; Fig. [1c](#Fig1){ref-type="fig"}) were up-regulated as early as 24 h with the levels peaking at 48 h. Concomitantly, a reduction in the levels of IL-10 was noted beginning at 24 h in cultures exposed to ALS-CSF as against the normal controls (\*\**p* \< 0.01 NC v/s ALS, 24 and 48 h; Fig. [1d](#Fig1){ref-type="fig"}). A similar effect was also observed in the cellular levels of the cytokines. Quantification of the mean immunofluorescence intensity of cultures immunostained for IL-6 and TNF-α proteins (Fig. [1e--g](#Fig1){ref-type="fig"}, graph q and h--j, graph r, respectively), confirmed the increased expression of both these proteins in the ALS subset after 48 h as compared to the NC as well as the disease (NALS) controls (\**p* \< 0.05 NC and ^\#\#^*p* \< 0.01 NALS v/s ALS). However, the cellular level of IFN-γ was stable (Fig. [1k--m](#Fig1){ref-type="fig"}, graph s). At 48 h, the cellular IL-10 also remained unaffected, although a minor down-regulation was noted (Fig. [1n](#Fig1){ref-type="fig"}--[p](#Fig1){ref-type="fig"}, graph t).Fig. 1Pro-inflammatory cytokines are up-regulated in response to ALS-CSF: exposure of astrocytes to ALS-CSF caused a progressive up-regulation in the secretion of IL-6 (**a**; \**p* \< 0.05 NC v/s ALS, 48 h; *n* = 3 in duplicates), TNF-α (**b**; \*\**p* \< 0.01 NC v/s ALS, 24 and 48 h; *n* = 3 in duplicates), and IFN-γ (**c**; \**p* \< 0.05, 24 h and \*\**p* \< 0.01 NC v/s ALS, 48 h; *n* = 3 in duplicates), while a down-regulation in the IL-10 levels was observed (**d**; \*\**p* \< 0.01 NC v/s ALS, 24 and 48 h; *n* = 3 in duplicates). The protein levels were determined by ELISA. **e**--**p** The confocal images representing the cellular expression of the cytokines in the normal controls as compared to the cultures exposed to NALS/ALS-CSF. Analysis of the mean fluorescence intensity (MFI) revealed a qualitative as well as a quantitative increase in the expression of IL-6 (*green*, **e**--**g**; graph **q**; \**p* \< 0.05 NC v/s NALS and ALS; *n* = 5 in duplicates) and TNF-α (*red*, **h**--**j**; graph **r,** \#*p* \< 0.05 NC v/s ALS and \*\**p* \< 0.01 NALS v/s ALS; *n* = 5 in duplicates). However, the cellular levels of IFN-γ (*red*, **k**--**m**; graph **s**; *n* = 5 in duplicates) and IL-10 (*green*, **n**--**p**; graph **t**; *n* = 5 in duplicates) did not show any significant changes in the cultures exposed to ALS-CSF. Graphs **u**--**w** represent the mRNA expression levels of IL-6, IFN-γ, and IL-10, respectively, in response to ALS-CSF. Note the up-regulation in IL-6 (\*\**p* \< 0.01 NC and ^\#^ *p* \< 0.05 NALS v/s ALS; *n* = 3 in triplicates; **u**), IFN-γ (\*\**p* \< 0.01 NC and NALS v/s ALS; *n* = 3 in triplicates; **v**), and IL-10 mRNA expression (\**p* \< 0.05 NC v/s ALS; *n* = 3 in triplicates; **w**) when exposed to ALS-CSF. Analysis of significance was carried out using Student's *t* test for ELISA and one-way ANOVA followed by Tukey's post hoc test for determining the MFI as well as the mRNA expression. *Scale bars* for confocal images are indicated

Analysis of the mRNA expression of cytokines at 48 h revealed a sizeable up-regulation of IL-6 (Fig. [1u](#Fig1){ref-type="fig"}) and IFN-γ (Fig. [1v](#Fig1){ref-type="fig"}).In cultures exposed to ALS-CSF, we observed nearly a threefold up-regulation in IL-6 expression (\*\**p* \< 0.01 NC and ^\#^*p* \< 0.05 NALS v/s ALS) and approximately fivefold in IFN-γ expression (\*\**p* \< 0.01 NC and NALS v/s ALS) when compared to the NC subset. Surprisingly, IL-10 mRNA levels were up-regulated nearly 1.5fold, when compared to NC (\**p* \< 0.05 NC v/s ALS; Fig. [1w](#Fig1){ref-type="fig"}).

COX-2 and PGE-2 expression were up-regulated in cultures exposed to ALS-CSF {#Sec18}
---------------------------------------------------------------------------

We also studied the expression pattern of both COX-2 and PGE-2 in astrocyte cultures following exposure to ALS-CSF. We observed a significant up-regulation in the mRNA expression of COX-2 (\*\**p* \< 0.01 NC and NALS vs. ALS; Fig. [2a](#Fig2){ref-type="fig"}). The immunofluorescence pattern revealed that COX-2 and PGE-2 exhibited a punctate cytoplasmic staining in astrocytes (Fig. [2d--l](#Fig2){ref-type="fig"}). Quantification of the mean fluorescence intensity also showed a significant increase in the levels of COX-2 protein expression as compared to NC and NALS subsets (\*\**p* \< 0.01 NC and NALS v/s ALS; Fig. [2m](#Fig2){ref-type="fig"}). The results were further validated by the increased expression of COX-2 in ALS-CSF compared to the normal and disease control, as determined by the western blot analysis (\**p* \< 0.05 NC and NALS v/s ALS; Fig. [2b, c](#Fig2){ref-type="fig"}). In a similar manner, ALS-CSF caused up-regulation of PGE-2 levels, while NALS-CSF did not, and was comparable to the normal controls (\*\*\**p* \< 0.001 NC and NALS v/s ALS; Fig. [2n](#Fig2){ref-type="fig"}).Fig. 2ALS-CSF induces inflammatory response by astrocytes: COX-2 mRNA expression was seen up-regulated in response to ALS-CSF (\*\**p* \< 0.01 NC and NALS vs. ALS, *n* = 5 in triplicates; graph **a**), suggesting the induction of neuroinflammatory pathways. Note the significant up-regulation in the COX-2 protein expression in the ALS group, as observed by western blot analysis (**b**,\**p* \< 0.05 NC and NALS vs. ALS; *n* = 3; graph **c**). Representative confocal images of the cultures immunostained for COX-2 (FITC, *green*; **d**--**f**; \*\**p* \< 0.01 NC and NALS vs. ALS; *n* = 5 in duplicates; graph **m**) and its downstream inflammatory molecule PGE-2 (Cy3, *red*, **g**--**i**; \*\*\**p* \< 0.001 *n* = 5 in duplicates; graph **n**) further demonstrate the inflammatory potential of the astroglial cells in response to ALS-CSF. Analysis of the significance was carried out using one-way ANOVA followed by Tukey's post hoc test. *Scale bars* are indicated

ALS-CSF enhances production and release of astroglial glutamate {#Sec19}
---------------------------------------------------------------

We compared the levels of astroglial glutamate upon exposure to ALS-CSF (Fig. [3a--c](#Fig3){ref-type="fig"}). The secreted glutamate levels were significantly elevated in ALS subsets as compared to the normal controls only at 48 h (\**p* \< 0.05 NC v/s ALS), but not at 12 or 24 h (Fig. [3a](#Fig3){ref-type="fig"}). The astroglial lysates too showed a significant increase in the glutamate levels when compared to the normal control (\*\**p* \< 0.01 NC v/s ALS; Fig. [3b](#Fig3){ref-type="fig"}). Thus, a concomitant increase in the cytosolic, as well as secreted glutamate levels, was seen in the ALS group by 48 h (Fig. [3c](#Fig3){ref-type="fig"} and Table [4](#Tab4){ref-type="table"}). This observation strongly suggests excessive glutamate production, in addition to secretion occurring in response to ALS-CSF.Fig. 3Astrocytes secrete increased levels of glutamate, ROS, and NO in response to ALS-CSF and impart neurotoxicity to NSC-34 cells. **a**--**c** Graphs representing the up-regulation in the glutamate synthesis and secretion by astrocytes. Glutamate secretion was up-regulated in the astroglial supernatants 48 h after the exposure to ALS-CSF as compared to NC (\**p* \< 0.05 NC v/s ALS; *n* = 5 in duplicates; graph **a**). Also, note the up-regulated expression in the cellular glutamate (\*\**p* \< 0.01 NC v/s ALS; *n* = 5 in duplicates; graph **b**). Taken together, the total increase in the astroglial glutamate levels is evident as plotted in graph **c** (\*\**p* \< 0.01 NC v/s ALS; *n* = 5 in duplicates). Similarly, the secreted (\*\**p* \< 0.01 NC v/s ALS 48 h, *n* = 5 in duplicates, graph **d**), cellular (\*\**p* \< 0.01 NC v/s ALS, *n* = 5 in duplicates, graph **e**), and total expression levels (\*\*\**p* \< 0.001 NC v/s ALS; *n* = 5 in duplicates; graph **f**) of NO showed up-regulation in response to a 48-h exposure to ALS-CSF as compared to NC. The confocal images **g**, **h** (CY3, *red*) represent the expression patterns of iNOS in the NC and ALS subsets, respectively. Note the enhanced expression of iNOS in ALS group, as determined by the MFI (\*\*\**p* \< 0.001 NC v/s ALS; *n* = 5 in duplicates, graph **k**). Also note the increased mRNA expression of iNOS in response to the ALS-CSF as compared to the normal controls (\*\**p* \< 0.01 NC v/s ALS; *n* = 3 in triplicates; graph **l**). Representative confocal images for the cellular levels of (DCFDA, *green*, **i**, **j**) as well as quantitative fluorometric analysis (graph **m**) denote an increased ROS expression in ALS subsets as compared to the NC (\*\*\**p* \< 0.001 NC v/s ALS; *n* = 6 in triplicates). Analysis of significance was carried out using Student's *t* test. *Scale bars* are indicatedTable 4Summary of the astroglial cytosolic and secreted glutamate levels (ng/ml) at 48 h after the CSF exposureNCALSCytosolic0.42 ± 0.043.13 ± 1.08\*\*Secreted16.18 ± 0.5324.25 ± 3.279\*Overall16.62 ± 0.5728.82 ± 3.04\*\*Values are expressed as Mean ± SEM\**p* \< 0.05; \*\**p* \< 0.01

ALS-CSF induced enhanced release of astroglial nitric oxide and ROS {#Sec20}
-------------------------------------------------------------------

We then analyzed the astroglial ROS and NO levels, considering the inflammatory and toxic phenotype adopted by the astrocytes in response to ALS-CSF. Analysis of lysates revealed a significant increase in the amount of cytosolic NO in astroglial cultures exposed to ALS-CSF at 48 h, when compared to the normal controls, but not at 12 or 24 h (\*\**p* \< 0.01 NC v/s ALS; Fig. [3d](#Fig3){ref-type="fig"}, Table [5](#Tab5){ref-type="table"}). The secreted NO levels were also higher in the ALS-CSF exposed cultures lysates at 48 h (\*\**p* \< 0.01 NC v/s ALS; Fig. [3e](#Fig3){ref-type="fig"} and Table [5](#Tab5){ref-type="table"}). To determine the source of the pathological amounts of NO, the expression of iNOS was studied. Analysis of the mRNA expression (\*\**p* \< 0.01 NC v/s ALS; Fig. [3l](#Fig3){ref-type="fig"}) and quantitative analysis of the mean immunofluorescence intensity demonstrated an up-regulation of the iNOS protein in ALS subset compared to the normal controls (\*\*\**p* \< 0.001 NC v/s ALS; Fig.[3k](#Fig3){ref-type="fig"}).Table 5Summary of the cytosolic and secreted levels of NO (ng/ml), 48 h after the exposure to ALS-CSFNCALSCytosolic3.59 ± 0.415.3 ± 0.44 \*\*Secreted4.96 ± 0.176.11 ± 0.18\*\*Overall8.22 ± 0.2712.50 ± 1.0\*\*\*Values are expressed as Mean ± SEM\*\**p* \< 0.01; \*\*\**p* \< 0.001

Qualitative assessment of the cytosolic ROS by confocal microscopy also revealed enhanced ROS levels in cultures exposed to ALS-CSF for 48 h when compared to the normal control (Fig. [3i, j](#Fig3){ref-type="fig"}). Further, a quantitative fluorometric assessment of the ROS levels in NC and ALS cellular lysates showed a significantly higher ROS levels in the ALS group (\*\*\**p* \< 0.001 NC v/s ALS; graph m).

Decline in trophic factor expression accompanied neuroinflammation {#Sec21}
------------------------------------------------------------------

Further, to investigate the effect of ALS-CSF on the trophic factors secreted by astrocytes, we analyzed the mRNA and protein levels of GDNF and VEGF. ALS-CSF exposure resulted in near threefold down-regulation in the mRNA expression levels of GDNF in the astroglial cultures exposed to ALS-CSF for 48 h, when compared to the normal and the disease control (\*\**p* \< 0.01 NC and ^\#^*p* \< 0.05 NALS v/s ALS; Fig. [4a](#Fig4){ref-type="fig"}). In line with the mRNA expression, the mean immunofluorescence intensity for GDNF protein was also down-regulated in the ALS group (\*\**p* \< 0.01 NC and NALS v/s ALS; Fig. [4c--e](#Fig4){ref-type="fig"}, graph i). The semi-quantitative western blot analysis further validated the results (\**p* \< 0.05 NC and ^\#\#^*p* \< 0.01 NALS v/s ALS; Fig. [4c--e](#Fig4){ref-type="fig"}, graph i).Fig. 4Down-regulated trophic factor expression in response to ALS-CSF. Graphs **a**, **b** denote the down-regulation in the mRNA levels of GDNF (\*\**p* \< 0.01 NC and ^\#^ *p* \< 0.05 NALS v/s ALS; *n* = 5 in triplicates) and VEGF (\*\*\**p* \< 0.001 NC and ^\#\#^ *p* \< 0.01 NALS v/s ALS; *n* = 5 in triplicates), respectively, upon exposure to ALS-CSF as compared to normal and disease controls. The down-regulation in mRNA expression was followed by a reduction in the protein expression for both the proteins, as observed by western blotting as well as immunofluorescence. The representative confocal images and quantitative analysis of MFI indicate a down-regulated expression of GDNF (**c**--**e**, graph **i**; \*\**p* \< 0.01 NC and NALS v/s. ALS; *n* = 5 in duplicates) and VEGF (**f**--**h**, graph **j**, \*\**p* \< 0.01 NC and NALS vs. ALS; *n* = 5 in duplicates), respectively, in the cultures exposed to ALS-CSF as compared to the normal controls. *Scale bars* are indicated. The dysregulation was further validated by the semi-quantitative western blot (**k**) analysis suggesting a decreased expression of both, GDNF (graph **l**; \**p* \< 0.05 NC v/s, and ^\#\#^ *p* \< 0.01 NALS v/s. ALS; *n* = 3 in duplicates), as well as VEGF (graph **m**; \**p* \< 0.05 NC and NALS v/s. ALS; *n* = 3 in duplicates) in response to ALS-CSF. Analysis of significance was carried out using one-way ANOVA followed by Tukey's post hoc test

We also observed an approximately fourfold down-regulation of VEGF mRNA level as compared to NC and NALS subsets (\*\*\**p* \< 0.001 NC and ^\#\#^*p* \< 0.01 NALS v/s ALS; Fig. [4b](#Fig4){ref-type="fig"}). Further, the quantitative analysis of the mean fluorescence intensity also confirmed a down-regulation in the astroglial VEGF protein expression as compared to the NC and NALS subsets (\*\**p* \< 0.01 NC and NALS v/s ALS, Fig. [4f--h](#Fig4){ref-type="fig"}, graph j). Similarly, a reduction in VEGF protein expression in the ALS subsets was also observed with western blot analysis (\**p* \< 0.05 NC and NALS v/s. ALS; graph m).

The secreted astroglial factors contributed to motor neuronal toxicity {#Sec22}
----------------------------------------------------------------------

The functional changes thus observed indicated an inflamed and toxic phenotype of astroglia, bereft of its trophic support to neurons. Therefore, to substantiate the astroglial-mediated pathology, we investigated the effect of astroglial secretions on the NSC-34 motor neuronal cell line. This was achieved by growing the NSC-34 cells in the conditioned media from the astroglial cultures exposed to either ALS-CSF (ALS-ACM) or NALS-CSF (NALS-ACM) as disease control. For the normal control, NSC-34 cells were exposed to conditioned media from the astroglial cultures grown in normal medium (NC-ACM).

Upon exposure, ALS-ACM induced morphological changes suggestive of degeneration in NSC-34 cells, while the cells appeared healthy in NC-ACM and NALS-ACM (Fig. [5a--c](#Fig5){ref-type="fig"}). ALS-ACM induced vacuolation, clumping, and beading of neurites in NSC-34 cells. The number of undifferentiated cells increased in response to ALS-CSF exposure.Fig. 5ALS-CSF conditioned astroglial medium imparts neurotoxicity to NSC-34 cells (**a**--**c**). The phase contrast images of NSC-34 cells depicting the effect of the conditioned media from astroglial cultures exposed to NALS/ALS-CSF (NALS/ALS-ACM) or NC (NC-ACM). Note the extensive vacuolation (**c**, *arrowhead*) and dying cells (**c**, *arrow*) in ALS-ACM subsets. The corresponding graph (graph **d**) shows a significant reduction in the percent cell viability as measured by altered pattern of MTT reduction, in the NSC-34 cells exposed to ALS-ACM as compared to the NC-ACM or NALS-ACM groups (\*\*\**p* \< 0.001 NC v/s ALS; *n* = 5 in triplicates). Analysis of significance was carried out using one-way ANOVA followed by Tukey's post hoc test. *Scale bar* is indicated

Further, there was a 25 % reduction in the cell viability in cultures exposed to ALS-ACM when compared to NALS-ACM and NC-ACM (\*\*\**p* \< 0.001 NC-ACM and NALS-ACM v/s ALS-ACM; Fig. [5d](#Fig5){ref-type="fig"}). These results are comparable to our previous observations on the neurodegenerative potential of ALS-CSF \[[@CR26]\].

Discussion {#Sec23}
==========

Our present study outlines the inflammatory and toxic functional alterations in astrocytes in SALS and provides a composite picture of their role in exacerbating neurodegeneration. It also provides proof of the concept of an intricate pathological process with convergent pathways, involving oxidative stress, excess glutamate and nitric oxide, inflammation, and reduced trophic support thus initiating a cascade of events leading to motor neuronal insult.

Our previous studies showed that the activated astrocytes undergo hypertrophy and transform from a flat or protoplasmic morphology to a process bearing, i.e., fibrous shape, along with the down-regulation of glial glutamate transporter (GLT1) in response to ALS-CSF \[[@CR39]\]. Here, we report that the astrocytes also undergo functional changes and contribute to inflammation-mediated toxicity. Further, qualitative observations revealed that the increase in the pro-inflammatory cytokines was more evident in the process bearing astrocytes.

Pro-inflammatory cytokines have gained notoriety for their role in triggering and propagating inflammation-mediated neurotoxicity \[[@CR40]\]. The up-regulation of IL-6, IFN-γ, and TNF-α in both mRNA as well as protein levels in response to ALS-CSF suggests that the inflammatory factors like Chit-1, osteopontin, and other chitinases up-regulated in ALS-CSF could enhance the synthesis and secretion of these cytokines, thus promoting a vicious inflammatory cycle. Of particular relevance is the temporal sequence of cytokine release in the disease pathology. The peak expression of TNF-α and IFN-γ at 24 h and that of IL-6 at 48 h clearly establishes that IL-6 up-regulation is a downstream event. Mir and colleagues \[[@CR41]\] noted that apart from inducing inflammatory signaling, TNF-α, and IFN-γ in the presence of inflamed glial cells are jointly capable of inducing oxidative stress and motor neuronal death. The role of IL-6 in acute phase reaction, as well as chronic inflammation, is well studied \[[@CR42], [@CR43]\]. Our data suggests a role for IL-6 in mediating sustained chronic inflammation in pathological conditions. Additionally, its contribution in mediating a switch from innate to adaptive immunity is well documented \[[@CR44]\].

IL-10 is a beneficial anti-inflammatory cytokine. Vasoactive intestinal peptide (VIP) exerts its immune modulatory actions by regulating IL-10 as well as neurotrophic factors in an mSOD1 model of ALS \[[@CR45]\]. Similarly, Ayers et al. \[[@CR46]\] showed that IL-10 expression in the spinal axis prolonged the survival of SOD1-G93A mice. Thus, reduced expression of IL-10 protein component despite the up-regulation of its mRNA levels hints towards the inability of astrocytes to counter the ALS-CSF induced neurotoxic insult and may be denoted as a "quasi-compensatory" response, which requires further investigation. Although we did observe a trend of temporally mediated up-regulation in the IL-10 expression under normal conditions, it was relatable to the increase in basal IL-10 levels of the normal controls as reported earlier and might be a physiological, rather than experimental, phenomenon \[[@CR47]\].

Further, pro-inflammatory cytokines can regulate the glutamatergic transmission by directly inhibiting astroglial glutamate transporters, by inducing overexpression of glutamate receptors on synapses or by reducing glutamate uptake via NO-mediated mechanism \[[@CR48], [@CR49]\]. Although excitotoxicity due to excess synaptic glutamate in ALS has been widely attributed to a reduction in astroglial glutamate transporters \[[@CR3], [@CR15]\], the possibility of enhanced glutamate secretion needed to be explored. Here, we provide objective evidence that in addition to the reduced uptake of glutamate, astroglial cells release more glutamate, which may result in its accumulation in the microenvironment of motor neurons. Reports of the microvesicular release of glutamate from astrocytes in response to insults corroborate our interpretation \[[@CR50]\].

The inflammatory role of COX-2 and PGE-2 has been demonstrated in ALS, while their role in conferring neuroprotection or toxicity in inflammation is debated \[[@CR51]\]. Considering the neurotoxic potential of astroglia in our study, elevated levels of COX-2 and PGE-2 could further aggravate the pathology. It is noteworthy that PGE-2, NO, and ROS are also potential effectors of glutamate release \[[@CR52]--[@CR54]\]. The excess glutamate released thus can lead to neurotoxicity through the induction of necrosis, in association with ROS, NO, and abnormal Ca^2+^ influx, as reported in the case of acute viral encephalomyelitis and PD \[[@CR55]\].

Up-regulation of astroglial ROS, NO, and iNOS levels in response to ALS-CSF was another major finding. Elevated levels of ROS accentuate the disease pathology by causing oxidative stress, as well as reducing the glutathione (GSH) levels \[[@CR56], [@CR57]\]. Similarly, apart from the free radical-mediated damage, NO is capable of inflicting neurodegeneration through apoptosis, which concurs with our previous report of the occurrence of both necrosis and apoptosis, i.e., "necroptosis" induced neuronal death in the disease pathogenesis \[[@CR21], [@CR25], [@CR26]\]. NO may also regulate post-translational modifications to affect the synaptic transmission and vesicular release \[[@CR58], [@CR59]\]. Such effects are generally brought about by excessive production of NO, mediated by either overactivation of n-NOS or pathological induction of iNOS \[[@CR59]\]. Our results demonstrating the increased NO production and up-regulated expression of iNOS protein suggest the polarization of astrocytes to respond in a neurotoxic manner on exposure to ALS-CSF.

In the present study, we also report the capability of the conditioned medium, here representing the secreted factors, to exert neurotoxicity comparable to that of our ALS-CSF model of pathology, thus validating the role of astrocytes in the disease progression. Recently, Rojas and colleagues demonstrated that the astroglial-conditioned media from mSOD1 model brought about mitochondrial dysfunction, ROS elevation, and Ca^2+^ influx in normal glial cells, as well as neurons \[[@CR60]\]. The ability of the conditioned media from these cultures to exert toxicity to neurons, as well as propagating pathology to glial cells, provides further proof to our own model of the propagation of pathology through the circulating fluid (ALS-CSF).

Concomitant to the inflammatory and toxic changes observed in the astrocytes, we also observed the down-regulation of the neurotrophic factors, VEGF and GDNF. They may protector reverse the motor neuron degeneration since trophic factor supplementation has been reported to be beneficial \[[@CR25], [@CR61]\]. Matsushita and colleagues \[[@CR62]\] reported a significant down-regulation of GDNF in response to endotoxin LPS, suggesting its relevance in inflammation-mediated pathology. The down-regulation of these trophic factors in astrocytes, along with the previous reports of lower trophic levels in motor neurons in ALS and also during inflammation thus hint towards a possible cessation of trophic support in the inflammation-mediated neurodegeneration.

Conclusions {#Sec24}
===========

In conclusion, the up-regulation of pro-inflammatory cytokines and down-regulation of anti-inflammatory cytokine suggest a clear ALS-CSF-induced astroglial cytokine imbalance. The multifarious nature of astroglial involvement in ALS pathogenesis is implied by the increase in auxiliary pro-inflammatory factors like PGE-2, COX-2, NO, and glutamate. The depletion of endogenous astrocytic VEGF and GDNF provide the additional impounding effect. Such a plethora of responses encompassing the inflammatory process suggests a temporal hierarchy of the pathways and molecules involved. Based on our results, we would like to advocate the need for combinatorial therapies to combat the multidimensional glial pathology and its compounding effect on the degeneration of motor neurons.

Additional files {#Sec25}
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Additional file 1: Figure S1.Representative phase contrast (a, c--e) and confocal images of the enriched astroglial cultures (b, f--h). The reactive astrocytes display a process bearing morphology (e, h) as compared to the flat morphology adopted by the non-reactive astrocytes (c, f). The intermediate stages show a semi-reactive morphology with a transformation from flat to process bearing one (d, g). The cultures were found to be free of microglia as seen by the presence of GFAP immunoreactivity (red, j) and absence of Iba1 (green, i). In a similar manner, the cultures were found to be ChAT negative (green, l). The cultures were \>99 % pure. Scale bars are indicated. (TIF 14438 kb)Additional file 2: Figure S2.Quantification using the inbuilt Leica software (a). The white arrowhead represents the fluorescent area selected for the intensity measurement using poly-line profile for each cell, referred to as the region of interest (ROI). Twenty cells per image were considered for each of the 10 images taken per cover slip. b The report generated by the software. The mean intensity was taken for each ROI and further analyzed. (TIF 7393 KB)
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